Among semiconductor materials, III--V compound semiconductors are attractive for high performance application as they combine a direct bandgap with the potential for band-structure engineering and high carrier mobility. Despite renewed interest in III--V integration with the silicon platform, differences in lattice parameters, thermal expansion coefficients, and polar-on-nonpolar nucleation^[@ref1]−[@ref3]^ led to the development of alternative approaches such as the wafer bonding technique,^[@ref4],[@ref5]^ the use of complex pseudo- or metamorphic buffer stacks,^[@ref6]−[@ref9]^ and nanowire (NW) growth on silicon.^[@ref10],[@ref11]^ In this context, the bottom-up option, via gold-seeded binary NWs offers additional potential, with the proven ability in certain material systems to control the crystal structure between pure wurtzite (WZ) and pure zinc blende (ZB).^[@ref12]−[@ref15]^ Nevertheless, gold introduces disastrous midgap states in silicon and is therefore excluded from silicon fabs and complementary metal--oxide--semiconductor (CMOS) compatible technological processes. Although the successful integration of III--V NWs on silicon has been demonstrated using both self-catalyzed growth and selective area epitaxy,^[@ref16]−[@ref18]^ reports of crystal phase purity are rare for binary materials^[@ref19],[@ref20]^ and absent in the case of ternaries.^[@ref21]−[@ref24]^

Beginning with the first controlled growths via the gold-assisted vapor--liquid--solid mechanism,^[@ref25]−[@ref28]^ antimonide nanowires have always been observed to exhibit a twin-free ZB structure. This exceptional crystal perfection couples with unique material properties such as very large carrier mobilities,^[@ref29]^ all three types of band alignments, and large spin--orbit coupling.^[@ref30],[@ref31]^ Therefore, if gold-free ternary antimonide NWs were to preserve their pure crystal phase when grown on silicon, they could represent a significant step forward in integrating III--V functions on silicon (thermovoltaics, thermoelectrics, and photodetection).^[@ref32]−[@ref34]^ Previous reports of ternary antimonide NW growth have been limited,^[@ref35]−[@ref40]^ and before our recent work revealing the Raman properties and optical quality of composition-controlled self-catalyzed GaAs~*x*~Sb~1--*x*~ NWs grown on silicon,^[@ref41]^ only axial heterostructures were reported.^[@ref42]−[@ref45]^

In this work we report the growth of large area gold-free ternary antimonide NW arrays on silicon. After revealing their external nanofaceting, we study their internal crystal structure and three-dimensional composition evolution both at the single NW level and in large ensembles. It is found that the GaAs~*x*~Sb~1--*x*~ NWs grow via a self-catalyzed vapor--liquid--solid (VLS) mechanism with a large quantity of antimony present in the Ga droplet during growth. Importantly, we prove unambiguously that the vast majority of NWs (at least 97%) are pure twin-free ZB crystals down to the first nucleation event, across the entire square millimeter array. Their three-dimensional composition evolution is thoroughly studied, revealing a self-formed core--shell structure with Sb-poor regions at apexes and interfaces.

The NWs were grown by solid source molecular beam epitaxy (MBE) on Si(111) substrates in patterned arrays following electron-beam lithography of a thermally grown SiO~2~ layer (see [Supporting Figure S1](#notes-1){ref-type="notes"} for the processing details and ref ([@ref46])). The substrate temperature was ramped directly to 630 °C, without an annealing step, and growth was initiated by opening the three fluxes (As~4~, Sb~2~, and Ga) simultaneously. Growth proceeded for periods of between 15 and 60 min depending on the sample was terminated by switching off all fluxes simultaneously and was followed by cooling to 200 °C within minutes. The NW nucleation and crystal structure was monitored in situ by using reflection high energy electron diffraction (RHEED) throughout the entire procedure. Once the temperature had been fixed, it was found that V/III ratio is the main parameter controlling successful NW nucleation, diameter, composition, growth rate, shape, and faceting (see ref ([@ref41]) for more details about morphological and compositional control). High-resolution transmission electron microscopy (TEM) images and energy dispersive X-ray spectroscopy (EDX) analyses were obtained using a FEI Tecnai OSIRIS microscope operated at 200 kV, equipped with a Super-X (0.9 rad collection angle) detector. The indexing adopted in this work assumes an As-terminated NW growth direction, in line with a recent work by de la Mata et al.^[@ref47]^

![(a) SEM image (30° tilt) illustrating GaAs~*x*~Sb~1--*x*~ NWs grown for 15 min at 630 °C on silicon (111) using an array of ∼130 nm holes etched in a thermally grown 35 nm thick Si0~2~ mask after standard electron beam lithography; top left inset shows a digital optical photograph of the array, as seen by naked eyes; top right inset shows a high magnification SEM image of a single NW (scale bar is 100 nm). (b) Top view image of the same sample (0° tilt) revealing growth directions for both vertical and nonvertical epitaxial NWs with respect to the substrate; the scale bar is 1 μm. (c) Low-magnification TEM image of one of the nonvertical NWs showing its growth direction to be along \<11--2\>; the white arrow shows the \[−1--1--1\] vertical direction. (d) High-magnification SEM image of a single NW and associated 3D model revealing the complex faceting composed of {110} and {112} planes. (e) High-resolution TEM image taken along a \[0--11\] zone axis of a typical NW showing pure twin-free zinc blende crystal structure. Nanofaceting is visible on the side of the NW. The inset shows the fast Fourier transform pattern, typical of untwinned zinc blende.](nl-2013-04085a_0001){#fig1}

Figure [1](#fig1){ref-type="fig"}a shows a scanning electron microscopy (SEM) image taken from a representative region of a square millimeter large array containing one million GaAs~*x*~Sb~1--*x*~ NWs grown on Si(111), in a mask with pitch of 1 μm and hole diameter of 130 nm (see [Supporting Information](#notes-1){ref-type="notes"}, S2 for additional SEM images). The inset in the top left corner shows a digital optical photograph of the array, as seen by naked eyes; the inset in top right corner shows a high magnification SEM image of a single NW from this array. The yield of NWs, taking into consideration both vertical and horizontal NWs, is close to 100%, meaning that each hole supports nucleation of a single NW. All NWs are terminated by metallic droplets, which are still visible after cooling (see inset), an indication that growth occurred by the self-catalyzed vapor--liquid--solid mechanism. The majority of NWs are seen to have grown in the \[−1--1--1\] direction, with a few other directions noted.^[@ref48],[@ref49]^ Taking a selection of several thousand NWs the vertical yield, which may be defined as the proportion of NWs growing perpendicular to the substrate relative to the total number of holes is found to be 82.4%. Analysis of the top-view SEM image seen in Figure [1](#fig1){ref-type="fig"}b and the associated low magnification cross-section TEM image made on a nonvertical NW from a similar array (Figure [1](#fig1){ref-type="fig"}c) reveals that these NWs are still epitaxial to the substrate but have kinked at the substrate/mask region and grow horizontally into one of the \<11--2\> directions, which is the projection in the plane of the substrate of one of the three nonvertical ⟨111⟩ directions.^[@ref50]^

Figure [1](#fig1){ref-type="fig"}d shows a SEM image of a representative vertical NW and the corresponding three-dimensional atomic model, revealing their complex morphology (see [Supporting Information](#notes-1){ref-type="notes"}, S3 for a SEM movie made of successive images, and illustrating their 3D faceting). To better illustrate this morphology in Figure [1](#fig1){ref-type="fig"}d we show two cross sections of the atomic model computed at different points along the NW length. As can be observed, the NW exhibits six {110} and three {112} facets, with the dominating facet type reversing along the length of the NW. The inverse tapering ratio is 8% as measured by TEM. In typical Ga-assisted GaAs NWs, only six {110} facets are present after growth termination.^[@ref51]^ Therefore the presence of the extra {112} facets hints at the presence of concomitant lateral growth, which was shown previously to alter the original hexagonal NW shape.^[@ref38],[@ref52]^ The full three-dimensional chemical analysis of the NWs will reveal the origin of the complex faceting later in the text.

To understand the NW crystalline structure, we have analyzed a few tens of NWs by means of high-resolution TEM. A representative high-resolution TEM image of a NW sidewall is illustrated in Figure [1](#fig1){ref-type="fig"}e, with the corresponding fast Fourier transform as inset. In all cases planar defects are found to be absent along the entire nanowire length: the crystalline structure thus being twin-free pure ZB. A twin-free ZB crystal structure was also found for other samples grown with differing antimony concentration (see [Supporting Figure S4](#notes-1){ref-type="notes"}). This apparent promise of crystal phase perfection is in clear contrast to the majority of published reports on both standard III--V ternary NWs and gold-free NWs grown on silicon. Even when overall "crystal phase perfection" is claimed, structural analysis of the NWs close to their nucleation interface and at their end reveal a detrimental concentration of twins, stacking faults, or even inversion of their crystal structure (WZ/ZB), explained by sensitivity to transients in the growth conditions at growth nucleation and termination.^[@ref53]−[@ref55]^ These defects can be furthermore easily missed when breaking-off the NWs from their host substrates for TEM analysis. Additional analysis focusing at the NW/substrate interface over a statistically relevant number of NWs was used to determine whether or not the GaAs~*x*~Sb~1--*x*~ NWs in this work could be considered free of planar defects.

Figure [2](#fig2){ref-type="fig"}a shows a typical RHEED pattern acquired in situ, during NW growth. This signal originates from the diffraction of electrons by NWs growing on the nonpatterned silicon reference (native-oxide covered) substrate placed at the center of our sample holder and coinciding with the RHEED spot central position in our MBE system. In the configuration where the RHEED source is aligned to a ⟨110⟩ zone axis (analogous to a ⟨110⟩ zone axis TEM diffraction pattern), we observe a single zinc-blende set of diffraction spots. This is remarkable since in other ZB NW systems two twin orientations are visible at all times (see for instance a typical Ga-assisted GaAs NW growth as inset on the bottom left of Figure [2](#fig2){ref-type="fig"}a). Indeed, due to the fact that the RHEED diffraction pattern forms on the fluorescent screen from the diffraction of a large number of NWs, single or multiple twins, forming at any position in the NW will give rise to a double-spot pattern characteristic of a twinned material. To investigate this further, cross-section lamellae were prepared using a standard focused ion beam technique along the NW vertical direction (see [Supporting Figure S5](#notes-1){ref-type="notes"} for an overview of lamella and additional TEM images of the interface). A high-resolution TEM image of this interface is shown in Figure [2](#fig2){ref-type="fig"}b. For all analyzed NWs from the lamella, the epitaxial relationship to Si was found to be always (−1--1--1)\[01--1\]~GaAs*x*Sb1--*x*~\|\|(111)\[01--1\]~Si~, implying that a twin was never formed in this region, even for the first plane at the interface. As a result, in this lamella each of the investigated NWs has the same ZB orientation as all of the others.

![(a) Typical RHEED diffraction pattern during GaAs~1--*x*~Sb~*x*~ NW growth, and diffraction pattern for a reference GaAs NWs as inset. (b) High-resolution TEM image of the GaAs~*x*~Sb~1--*x*~/Si interface and associated fast Fourier transform as the inset, revealing the perfect epitaxial relationship: (−1--1--1)\[01--1\]~GaAs*x*Sb1--*x*~\|\|(111)\[01--1\]~Si~ and differences in lattice parameters. The yellow line illustrates the epitaxial relationship. (c) X-ray diffraction reciprocal space map showing the diffracted intensity around an asymmetric (−2--2--4) Bragg reflection, on a logarithmic scale, for the GaAs~*x*~Sb~1--*x*~ NW array illustrated in Figure [1](#fig1){ref-type="fig"}a. (d) Ensemble averaged intensity distribution of the ZB (−3--3--1) twin/ZB(−2--2--4) and WZ (10--1--5) reflections showing that the vast majority of NWs grows untwinned.](nl-2013-04085a_0002){#fig2}

To validate this local observation at a larger scale, high-resolution X-ray diffraction (XRD) experiments have been performed in the European Synchrotron Radiation Facility in Grenoble (France), at beamline BM20. An X-ray beam of 0.1078 nm wavelength and with dimensions of 0.5 × 2 mm^2^ was used to record the intensity distribution around several Bragg peaks in reciprocal space. We use the coplanar diffraction geometry as sketched in [Supporting Figure S6](#notes-1){ref-type="notes"}. Considering the beam footprint at the incidence angle, the full array of NWs is illuminated by the X-ray beam. Figure [2](#fig2){ref-type="fig"}c shows an overview of the intensity distribution around the asymmetric (−2--2--4) substrate Bragg reflection. Besides an intense peak associated with the Si substrate, a clear double peak is attributed to the (−2--2--4) reflection from GaAs~*x*~Sb~1--*x*~, while a very faint double peak is attributed to the (−3--3--1) reflection arising only from the associated twin orientation (see [Supporting Figure S6b](#notes-1){ref-type="notes"} for an illustration of the effect of twinning on the Bragg diffraction positions). Between these two reflections, (−2--2--4) and (−3--3--1)TW, the Bragg peak due to wurtzite (WZ) GaAs~*x*~Sb~1--*x*~ would be expected in the position indicated. To quantify the amount of material exhibiting each orientation, the intensity is integrated along the \[11--2\] direction in Figure [2](#fig2){ref-type="fig"}d within the area marked by the rectangle in panel c. After the subtraction of diffuse background scattering, the peaks linked to untwinned and twinned GaAs~*x*~Sb~1--*x*~ material are visible. Fitting the diffraction peak areas and considering the different reflection strengths, we conclude that at least 97% of the GaAs~*x*~Sb~1--*x*~ material is ZB of the same orientation as the substrate. The remainder is ZB of the twinned orientation with no WZ material being detected. The observed double peak structure will be discussed later in the text. Since TEM measurements prove that detached NWs are free of twins and stacking faults away from the interface, this indicates unambiguously that, even on a macroscopic scale, the NW array is largely twin-free throughout the entire length of the NWs.

Figure [3](#fig3){ref-type="fig"}a shows an X-ray diffraction symmetric reciprocal space map for the NW array. In addition to the peak attributable to the silicon substrate, the signal attributable to GaAs~*x*~Sb~1--*x*~ reveals not one but two peaks with an intensity distribution as illustrated in Figure [3](#fig3){ref-type="fig"}b. These double peaks were also observed by analyzing another sample with a different nominal antimony composition (see [Supporting Figure S7](#notes-1){ref-type="notes"}). While the orientation and lattice spacing of the {111} lattice planes may be obtained from the symmetric reciprocal space maps presented in Figure [3](#fig3){ref-type="fig"}a, a strain state can be extracted from the asymmetric reciprocal space map,^[@ref56]^ with an in-plane strain below 0.15% being found for both peaks. Assuming a biaxial strain configuration and using lattice spacing information, a chemical composition may be ascribed to these features, with values of around *x*~Sb~ = 0.17 and *x*~Sb~ = 0.29. It should be noted that small deviations from ideal biaxial strain would only marginally affect these extracted values. Such a bimodal distribution of composition could be representative of differences between nanowire types (vertical and horizontal) or compositional variation within the nanowires themselves. To investigate this further, a study of both XRD and TEM analyses is performed and presented below.

![(a) X-ray diffraction symmetric reciprocal space maps around the (−1--1--1) Bragg peak showing the logarithmic scattering intensity. (b) Line scans along the \[−1--1--1\] direction, showing clearly the presence of two peaks, corresponding to different antimony concentrations. (c) EDX compositional map of a NW grown in the same run as the large array, but on native-oxide covered Si, showing the signal for Ga, As, Sb, and the associated EDX line scan profile, taken in the center of the NW from bottom to top. Small arrows point at the GaSb-rich segment (blue) at the droplet/NW interface and at an antimony-poor region at the bottom of the NW (green).](nl-2013-04085a_0003){#fig3}

Figure [3](#fig3){ref-type="fig"}c shows an energy-dispersive X-ray spectroscopy (EDX) map, with signals characteristic of As, Ga, and Sb for a representative nanowire (see [Supporting Figure S4c](#notes-1){ref-type="notes"} for a similar analysis performed on samples with different antimony concentrations). A small Sb-rich segment at the NW/droplet interface (highlighted by a small blue arrow) is observed likely indicating that the Ga seed contains a large proportion of Sb during growth. When terminating growth in the absence of a group V flux at the high temperature chosen for growth (630 °C), arsenic is expected to be nearly instantaneously removed from the growth front with the nucleation of a GaSb-rich segment likely following during cool down. After cooling, no antimony is found in the Ga droplet. We further note that the nucleation of a short segment from Sb stored in the particle has already been inferred for the termination of In-seeded InSb wires.^[@ref57]^ At the base of the nanowire another minor compositional inhomogeneity is observed (highlighted by a small green arrow), where for less than 20 nm the NW is relatively Sb-poor (see the line scan profile). As antimony and arsenic are provided simultaneously at nucleation, this transient composition could be due to either the necessity for antimony to reach a higher steady-state concentration in the droplet before being incorporated or to a substrate effect, where the antimony and arsenic diffusion lengths are expected to differ. Looking at the EDX line scan in Figure [3](#fig3){ref-type="fig"}c, the antimony concentration slowly increases from the base to the tip of the NW. The origin of this variation will become clear in Figure [4](#fig4){ref-type="fig"}. None of these sources of compositional inhomogeneity can however account for the double peak in the X-ray diffraction data. Both the GaSb-rich island at the top and small Sb-poor region at the base of the NW have relatively small volumes (see Figure [4](#fig4){ref-type="fig"}e for a signature of the GaSb-rich segment using the grazing incidence diffraction geometry), while the linear variation in antimony concentration would be expected to generate a single smeared XRD signal rather than the two distinct peaks.^[@ref56]^ We thus consider core--shell formation, as may be inferred from the original faceted shape of the NW, illustrated in Figure [1](#fig1){ref-type="fig"}.

![(a--d) Cross-section TEM image and associated EDX maps taken at the bottom (a,b) and top regions (c,d) of a NW in the \[−1--1--1\] zone axis. The composite EDX map images shows the signal for As (green color), Ga (red color), and Sb (blue color); the yellow/green regions at apexes and interfaces are Sb-poor, with about 10% less Sb than in the violet regions. Note that this sample was grown for 60 min and therefore has larger dimensions than NWs from the array's sample; still qualitative compositional variations are comparable for both samples. (e) Grazing incidence X-ray diffraction radial scan of the (2--20) Bragg peak, taken on the NW array sample. Visible are the Si substrate and peak and scattering signal of the different parts of the NWs, including thickness oscillations due to the NW core diameter.](nl-2013-04085a_0004){#fig4}

Cross sections lamella were prepared perpendicular to the NW axis for TEM analysis (see [Supporting Figure S5](#notes-1){ref-type="notes"} for an overview of the TEM lamella). Figure [4](#fig4){ref-type="fig"} illustrates two typical cross sections originating from the bottom (a, b) and top regions (c, d) of the NWs, respectively. The compositional EDX mapping of these NW cross sections clearly confirms the presence of both a core and shell. Note that the Sb-poor regions (with reduced Sb concentration by about 10%) of the shell are facet-dependent, in agreement with recent studies showing the crucial role of polarity in core--shell composition variations.^[@ref58]−[@ref60]^ As NWs grow axially via the VLS mechanism, concomitant radial growth occurs on the NW's sidewall facets. From the presence of an antimony-poor signal at the interface between core and shell, the diameter evolution of both core and shell can be understood. Comparing Figure [4](#fig4){ref-type="fig"}b and d reveals that the core diameter does not significantly change along the growth axis while the shell morphology is continuously evolving from a triangular toward a hexagonal shape. The global (core+shell) NW diameter is slightly inversely tapered with a diameter change of about 8% from bottom to top. The changing core--shell geometry can also be inferred from perpendicular EDX line scans, taken at different heights of a NW from the same run as the array (see [Supporting Figure S8](#notes-1){ref-type="notes"}). It is clear that the observed slow increase of the Sb concentration, shown in Figure [3](#fig3){ref-type="fig"}c, is thus due to this core--shell evolution. Since the variation of the core diameter along the wire axis and within the ensemble of NWs is small, it leads to the thickness fringes observed in the grazing incidence X-ray diffraction measurements shown in Figure [4](#fig4){ref-type="fig"}e. In light of this observation, one could postulate that the origin of the double peaks in the XRD data could lie in the different average Sb-composition in the core and shell, giving rise to spatially separated Sb-poor and Sb-rich regions. However, this scenario would require plastic relaxation in the \[−1--1--1\] direction, with related misfit dislocations at approximately every 20--40 nm along the core--shell interface. We have, however, not found any dislocations at the core--shell interface using high-resolution TEM, both in cross section measurements and in measurements along the nanowire diameter (see [Supporting Figure S9 and S10](#notes-1){ref-type="notes"}). Given the exhaustive TEM analysis it is unlikely that we would have missed dislocations in a density required to explain the XRD measurements. Another suggestion is that the lower Sb peak could instead originate from the contribution of the nonvertical \<11--2\>-oriented nanowires. This would mean that the signal labeled Sb-rich in Figure [3](#fig3){ref-type="fig"}a originates from the vertical nanowires, whereas the signal labeled Sb-poor originates from the horizontal NWs. The fact that the ratio of the measured peak intensities does not correlate directly with the ratio of vertical to nonvertical nanowires (82.4%/17.6%) could seem surprising. As the tilt distributions of the vertical and nonvertical nanowires is however clearly different and the X-ray data represents cuts in reciprocal space of these differing tilt distributions, the relative peak intensities cannot therefore be related in a quantitative manner to the relative scattering volumes. This uncertainty does not extend to the determined ratio between twin-orientations since that signal originates from structures with the same tilt orientation. Careful inspection of the positions along \[11--2\] of the peaks labeled "Sb-rich" and "Sb-poor" in Figure [3](#fig3){ref-type="fig"}a (more clearly visible in [Figure S7](#notes-1){ref-type="notes"}) reveals not only a differing tilt distribution, but also a difference in the average tilt of the scattering objects. It is very unlikely that a core--shell structure could give rise to such a difference in tilt, which supports our assignment of the double peak feature to the vertical and nonvertical wires, respectively. In the determination of chemical composition from the diffraction peak positions, these tilts have already been taken into account. The obtained values correspond very well to the EDX measurements of vertical and nonvertical NWs giving Sb compositions of 27% and 17%, respectively (see [Supporting Figure S11](#notes-1){ref-type="notes"}). Therefore the analysis in [Supporting Figure S11](#notes-1){ref-type="notes"} clearly favors the second scenario in which the two peaks in the X-ray diffraction data arise from different nanowires from the same array. That such a compositional difference may be linked to growth direction illustrates the richness of effective parameters affecting nanoscale alloying in ternary nanowires and could lead to original methods of compositional control.

In conclusion, we have grown for the first time ternary antimonide NWs arrays directly on silicon and shown they could be obtained with high vertical yield and excellent morphological homogeneity. We studied their structural and chemical composition with advanced TEM and XRD techniques and methodologies. By combining RHEED, TEM, and XRD, we have proven the highest level of structural quality in a NW ensemble, over a macroscopic scale. Interestingly, the complexity of the fully 3D elemental distribution illustrated in our work opens up new challenges both in terms of fundamental growth mechanism understanding and for practical design of high quality device-focused ternary alloys.

Process flowchart for the arrays, S1. Additional SEM images of the NW array from Figure [1](#fig1){ref-type="fig"}, S2. Representative 3D morphology of a single NW, including a movie, S3. Compositional tunability as a function of the Sb flux, and associated crystal structure, S4. TEM cross-section preparation and additional images, S5. Sketch of the coplanar XRD geometry, S6. XRD line scan from another NW array showing again the double-peak feature and more details about these experiments, S7. EDX line scans perpendicular to the NW growth direction, S8. Analysis of the core--shell interface in the \[−1--1--1\] zone axis, S9. Analysis of the core--shell interface in the \[0--11\] zone axis, S10. EDX analysis of a nonvertical NW: lower Sb concentration than in vertical NWs, S11. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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